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INTRODUCTION 
Ultrasonic (UT) nondestructive evaluation (NDE) of fluid-immersed bulk or layered 
elastic materials is commonly carried out with a single or a pair of acoustic transducers used 
in pulse-echo or pitch-catch modes. Applications range from determining material 
properties to identifying interior and/or surface defects. Some of the configurations often 
encountered in UT-NDE, and that are considered in this paper, are depicted in Figure l. 
These sketches show a transmitting transducer radiating a continuous or pulsed finite beam 
that excites interface or bulk waves within the elastic part. Acoustic energy radiated back 
by the elastic part into the fluid is collected by a receiving transducer which converts it into 
a voltage. Quantitative modeling of this class of experiments, even under assumptions of 
ideal conditions (e.g. homogeneous and isotropic layers and defect-free structures), is 
important for design optimization purposes and for understanding and interpreting the data 
acquired. It also provides a first step towards tackling non-ideal configurations. There is a 
large body of work that address this objective through various approaches (analytical, 
numerical, hybrid, etc); the reader is referred to References in this issue and in past issues of 
the Proceedings of this conference. This paper presents recent developments in the 
application of analytic methods to comprehensive and efficient modeling of the type of 
configurations depicted in Fig. 1. Comprehensive in the sense that the methodology used 
can account for 1) arbitrary three-dimensional (3D) diffraction and orientation of 
transmitting and receiving transducers; 2) interface and layering wave effects such as the 
excitation of surface and modal waves in the structures inspected. Efficient in the sense that 
the methodology used yields computationally efficient algorithms which are not difficult to 
implement. These two attributes have become essential in the light of the increasing interest 
in developing fast ultrasonic "simulators" for forward and inverse modeling [1, 2]. 
The methodology, which is here applied to both planar and cylindrical configurations, 
relies on a spectral integral representation of the receiving transducer voltage and the 
beam-structure interaction. Within this representation, transducer beams are specified in 
terms of their arbitrary spectra or, alternatively and more conveniently, in terms of single or 
collections of Gaussian beams generated through the complex-transducer-point (CTP) 
technique [3]. The spectral integrals involved can be solved numerically or reduced 
asymptotically to closed-form solutions. In this paper we present in generic format the 
analytical methodology described above and illustrate its implementation through selected 
time-domain results pertaining to the excitation of leaky Lamb waves in plates and 
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Figure 1: Geometries for plane and cylindrically layered fluid-immersed elastic configurations 
excited by acoustic transducers. T: transmitter, R: receiver; Vn: voltage generated by R 
due to scattered field from layered configuration. The space coordinates tangential to the 
configuration surfaces are denoted by s == (81,82); 82 extends out of the paper. 
cylindrical shells by Gaussian-like transducers. Detailed development of the approach and 
numerical implementation are given in [4]. 
SPECTRAL FORMULATION FOR TRANSDUCER VOLTAGE 
The configurations in Fig. 1 are comprised of isotropic and homogeneous fluid-elastic 
layers excited by ultrasonic acoustic transducers in pitch-catch or pulse-echo mode. Pitch 
catch involves beams incident on the elastic structures at oblique angles, whereas pulse-echo 
involves use of a single transducer exciting and detecting at normal incidence angle. The 
space coordinates tangential to the configuration surface are denoted by s == (81,82) with 
s == (x, y) for the plane geometry and s == (cp, z) for the cylindrical. A three-dimensional 
(3D) case arises when the transmitter or receiver aperture is finite along 81 and 82. A 
two-dimensional (2D) case can be accommodated by assuming 2D (sheet) transducers whose 
"infinite" dimension extends along 82, i.e. y for the plane geometry and along z for the 
cylindrical. The transmitting and receiving transducers, T and R respectively, are 
considered to be passive, linear, and electro-acoustically reciprocal as described by Foldy and 
Primakoff [5]; such a transducer is represented by an electrical voltage V and a current I fed 
through electrical terminals, and acoustic pressure wave p and velocity field v propagating 
in the fluid in contact with the transducer through a closed surface. The time-domain 
voltage Vn(t) generated by R can be derived from a frequency-domain voltage Vn(w) via, 
If iwt Vn(t) = 27r Vn(w)e- dw, (1) 
where w is the angular frequency. In the numerical implementation, (1) is carried out via a 
fast Fourier transform (FFT) algorithm. 
A conventional surface integral for Vn(w) 
Let the acoustic pressure wave and velocity field incident on R be denoted by pinc(x) and 
vinc(x), respectively, and let Sn be a surface surrounding R and surrounded by the acoustic 
fluid. Then, from de Hoop et al. [6] 
(2) 
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where pR(x) and v;:-(x) are the fluid pressure and outward normal component velocity on 
SR radiated by R when energized, and dS is an element of integration on SR. The 
frequency-dependent quantity I (w) depends upon the electrical internal and load 
impedances of R in its receiving state [6] and is introduced here to account for the temporal 
spectrum of the transmitter and receiver electronics; it is usually derived from an 
appropriate calibration experiment [7]. 
A spectral wavenumber integral for VR(W) 
We are interested in writing (2) in the spectral wavenumber domain where solution to the 
transducer field-structure interaction problem is attainable. For our purposes, we only 
consider the portion of SR in front of the sensitive surface of R and assume that pR and v;:-
are negligible on the rest of SR. This step is permissible in view of the high directionality of 
ultrasonic transducer beams. Furthermore, we conveniently move this portion of SR to a 
planar (for the plane geometry) or cylindrical (for the cylindrical geometry) surface AR 
lying in the fluid such that AR conforms to the geometry of the configuration under 
consideration. We do this while staying close to R and ensuring that no electrical or 
acoustic source is enclosed in the surface deformation step. In Fig. 1, this surface is referred 
to as the reference surface. For the cylindrical geometry for instance, Vn in (2) is replaced by 
the radial component Vr . We next assume that AR extends to "infinity" and use a 2D 
Fourier-like spectral decomposition of all pertinent wave fields in (2) along the reference 
surface in terms of plane waves along a linear coordinate and cylindrical waves along an 
azimuthal coordinate (such decompositions are defined in [8, 9] for example). For generic 
notation, we use C == ((1, (2) to denote the 2D spectral wavenumber vector corresponding to 
the space coordinate vector s == (81,82) defined above. The conversion of the surface 
integral in (2) to a spectral integral may be achieved via use of Plancherel's theorem, 
II ft(s)h(s)ds= (2~)211 i1(C)i2(-C)dC (3) 
where {It, it} and {h i2} are spectral (Fourier) transform pairs. Applying (3) to (2), one 
derives the following expression [4] 
VR = ~;;~~ I I: ry(C)pinc(c) pR( -C) dC, (4) 
where pinc(c) and pR(C), are, respectively, spectral amplitudes of pinc(s) and pR(s) within 
the spectral decomposition described above. In (4), ry(C) is a spectral admittance 
conveniently introduced to relate the normal velocity to the pressure in a fluid medium, 
ry = Vn/P [4]. 
Next, we note that the spectrum of the incident pressure wave pinc( C) can be expressed 
in terms of the following sequence: a spectrum pT(C), radiated by T at AR, propagates to 
the closest interface, undergoes reflection from, or transmission through, the layered elastic 
medium characterized by a composite spectral reflection or transmission coefficient r(c), 
and finally propagates to the surface AR to yield pinc (C). Thus generically, 
(5) 
where P(C) accounts for the (spectral) propagation in the fluid via exponential functions for 
the planar case and cylindrical (Hankel) functions for the cylindrical case. Substituting (5) 
in (4), VR becomes, 
(6) 
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where a superscript "3D" has been used to refer to 3D configurations. For 2D configurations 
that are uniform along 82, the generic form in (6) reduces to 
(7) 
Radiation spectra of transducers: Various ways can be used to compute pT,n. Some of them 
are indirect such as the use of the Rayleigh-Sommerfeld surface formula [10] to compute at 
An the space field first and then Fourier transform it to compute pT,n. This involves the 
knowledge of the normal component of the velocity field at the transducer aperture and the 
Green's function for the fluid medium. Other ways are direct such that the use of a single 
CTP to model a quasi-Gaussian transducer or a sum of CTPs to model transducers with 
arbitrary profiles [3]. pT,n due to a CTP is the spectral amplitude of the pressure field 
radiated by a source point located in complex space [3]. 
Spectral reflection or transmission coefficient: There are various ways of computing the 
spectral reflection or transmission coefficient of a single interface or a layered elastic medium 
in fluid. A good account of the techniques available for plane geometry has recently been 
given in [11]. For cylindrically layered media, one can often invoke high-frequency 
assumptions and use local plane-wave coefficients as has been done to generate the 
numerical results for the cylindrical shell shown below. Sometimes, approximations are 
useful to extract the essential physics of a certain phenomenon as has been shown in 
[12, 8, 9, 13] for leaky Rayleigh waves in the problem of nonspecular reflection of acoustic 
beams from a solid halfspace in fluid. 
SOLUTIONS 
Given the fluid-elastic medium considered, pT,n(), P() and r() can be readily 
derived and the right member of (6) or (7) evaluated in various ways, depending on the 
parameter regime of interest. Three possible approaches are real-axis numerical integration, 
high-frequency asymptotics, and residue evaluation. Real-axis numerical integration is a 
technique that has been extensively used. High-frequency asymptotic techniques based on 
the stationary phase point or saddle point technique may be used to reduce (6) or (7) to 
closed-form solutions which extract the main physics of the problem and allow for 
construction of computationally efficient algorithms. Case studies have been published for 
acoustic beam scattering from curved surfaces [14], and beam-to-leaky mode coupling on 
plane and cylindrically layered elastic structures by use of uniform asymptotics [8, 9, 15]. 
High-order asymptotic solutions have also been introduced recently to account for shear 
wave contributions detected in ultrasonic pulse-echo experiments [16]. 
NUMERlCAL RESULTS 
Because of lack of space, we only show few selected time-domain results pertaining to 
the excitation of leaky Lamb waves in plates and cylindrical shells by Gaussian-like 2D 
transducers modeled using a single CTP per transducer. The results shown below have been 
computed via real-axis integration. Additional numerical results, generated with use of 
asymptotic solutions, and comparisons with experimental data can be found in 
[3, 4, 8,9, 13, 15, 16]. The following pulse has been used for ,(t) which is the temporal 
Fourier transform of ,(w) via (1), 
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Figure 2: Leaky Lamb waves excited in an aluminum plate in water by a 2D CTP. The 
scattered signal is detected by a point probe. Each trace is normalized to its maximum. The 
moveouts of the specularly reflected (SR) signal and one leaky Lamb wave are highlighted by 
the solid and dashed lines, respectively. Parameters: WT = 3.mm, WR = O.mm, Bi = 15 0 , 
hI = 30Omm, h = 100mm. 
The aluminum plate and shell considered here are 6 mm thick with compressional and 
shear velocities vp = 6420 m/s and Vs = 3140 m/s, respectively. The sound speed in water is 
Vj = 1500 m/s. The aluminum and water densities are ps = 8.9 g/cc and pj = 1 g/ee, 
respectively. For the plate experiment, we use a transmitting CTP of l/e width WT = 3 
mm located at a height hI = 300 mm from the plate upper surface. It radiates a pulsed 
beam at angle Bi = 150 with respect to the plate normal. The scattered signal is sampled at 
every 10 mm with an ideal point probe at h = 100 mm. The sketch for the configuration 
and time-domain voltage are shown in Fig. 2. For clarity, each trace has been normalized to 
its maximum. The starting receiver position (x = 0 mm in Fig. 2) corresponds to the point 
of intersection with the specularly reflected (SR) beam axis. It can be observed that a 
strong SR signal is present and occurs early in time for the x = [0 - 30J mm range. The SR 
signal is followed by a series of events indicative of the excitation of leaky Lamb waves. As 
the receiver is scanned into the nonspecular region (i.e. x > 30 mm), the plate lamb waves 
are detected earlier than the SR signal which can explained by the fact that Lamb waves 
travel inside the plate (while leaking energy out) at a higher velocity than that of the SR 
signal whose complete path lies in the fluid. At positions well off the SR region (i.e x > 80 
mm), the strengths of the Lamb waves become comparable to the SR signal as evidenced in 
the x = 100 mm trace. It can also be noted from these traces that the SR event has a 
curved move out (highlighted by a curved solid line in Fig. 2) whereas the events due to 
Lamb waves have linear moveouts as shown by a dashed line for one of them in Fig. 2. The 
SR curved moveout is mainly due to the divergence of the SR beam, whereas the Lamb 
wave linear moveouts are due to their constant-angle radiation from the plate into the fluid. 
The second example of illustration is for Gaussian-like transducers interacting with a 
cylindrical aluminum shell immersed in water. The shell has thickness 6 mm and radius 
a = 57 mm. A transmitting CTP radiates a well-collimated pulsed beam (with l/e width 
WT = 9.5 mm) that travels a length IT = 150 mm along its axis of maximum strength 
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Figure 3: Leaky Lamb waves excited in an aluminum shell in water by a 2D CTP. The 
scattered signal is detected by an identical CTP. Each trace is normalized to its maximum. 
Parameters: WT = Wn = 9.5mm, ()i = 20°, IT = 150mm, p = 190mm. a = 57mm. 
normal. A receiving CTP identical to the transmitter (i.e. with lie width Wn = 9.5 mm) is 
scanned along a track of constant radius p = 190 mm to detect the backscattered transient 
signal. During the scan, the angle between the receiver axis and the local normal to the shell 
is kept constant at ()i = 20°; hence the receiver is aligned to the incidence angle (see the 
sketch in Fig. 3). The computed traces are shown in Fig. 3 for receiver positions starting 
at ¢ = -20° and ending at ¢ = 60° with respect to the SR beam axis intersected along this 
scan at ¢ = 0°. The scan sampling rate is 4°. As in Fig. 2, each trace in Fig. 3 has been 
normalized to its maximum. Similarly to the planar case in Fig. 2, here too the SR signal 
has a curved moveout, but in this instance this is mainly due to interface-induced divergence 
since the incident beam is well collimated. The other events in Fig. 3 are leaky Lamb wave 
contributions and have linear moveouts due to their constant-angle radiation from the shell. 
We also note that the SR signal duration broadens at both ends of the scan, i.e.¢ < -12° 
and ¢ > 40°. This occurs because at these locations the SR signal wavefront is not aligned 
(i.e. parallel) to the receiver aperture and hence excites the aperture over a longer period. 
Computed waveforms are shown in Fig. 4 to highlight the effects of the receiver 
mis-alignment. The same parameters as in Fig. 3 have been used here. The receiver is 
positioned at ¢ = 60° and is aligned to the incidence angle ()i = 20° in Fig. 4(b), whereas it 
is misaligned by angle 1j; = _3° in Fig. 4(a) and 1j; = +3° in Fig. 4(c). The angle 1j; is 
defined as sketched in Fig. 4. In Fig. 4(a), the receiver misalignment increases the 
mismatch between its aperture and the wavefront of the SR signal which is mostly diverging 
in this region. Hence the SR signal averages out to a smaller strength than in the aligned 
case in Fig. 4(b). This effect is accompanied by a relative enhancing of the strengths of the 
leaky Lamb waves. On the other hand, in Fig. 4(c), the receiver misalignment favors the 
SR signal which impinges with a wavefront that nearly parallels the receiver aperture. This 
enhancement of the SR signal is done at the expense of the leaky Lamb wave contributions. 
These observations, evidenced in Fig. 4(a), (b), and (c), highlight the importance of 
transducer alignment in ultrasonic experiments especially when the configurations under 
study are substantially curved in terms of the extent of the transducer probing beam or 
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Figure 4: Comparison of the traces detected at 'P = 60° in Fig. 3 under various alignment 
angles of the receiving CTP shown in the sketches; SR: specularly reflected. Parameters: 
same as in Fig. 3. 
one's advantage if there is interest in de-emphasizing the SR signal with respect to the leaky 
Lamb waves or vice versa. 
The computation of the waveforms shown above took an average of 1 minute per 
waveform on a SunSparc 10 station. 
CONCLUSIONS 
In this paper we have reported on recent progress in the application of analytical 
methods to efficient modeling of ultrasonic transducer-excited beam interaction with 
fluid-immersed bulk and layered elastic structures. A spectral integral formula has been 
used to represent the voltage generated by a receiving transducer upon reception of an 
acoustic wave field scattered from the elastic structure. This approach has been presented in 
generic forms for both plane and cylindrically layered configurations. Some numerical 
illustrations have been shown for leaky Lamb waves excited and detected in an aluminum 
plate and an aluminum cylindrical shell by Gaussian-like transducers modeled with the CTP 
technique. Accounting for the receiver finiteness and alignment for this type of problems is 
important for quantitative predictions as has been briefly shown in Fig. 4. In conclusion, 
the analytical approach presented here is computationally efficient and provides a versatile 
algorithm for predicting interaction of pulsed transducers with fluid-solid configurations. 
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